Each of these traits makes bats highly interesting for research on the causes and consequences of sociality (group living) in animals. However, because many bat species (and microbats in particular) have cryptic lifestyles, their behavior is often difficult to investigate in the field. As a consequence, bats are under represented in behavioral ecology when compared with other social mammals, such as carnivores, primates, ungulates, and rodents. Modern field technologies such as miniaturized radio transmitters, implanted passive integrated transponders, and infrared video, in combination with molecular methods such as DNA (deoxyribonucleic acid) typing and sequencing, now offer hitherto unavailable research opportunities for studies on bat sociality (Kunz and Parsons 2009) . Recent research employing such techniques has revealed that bat social systems are far more complex than had been previously imagined.
Bats live in social systems that are among the most diverse found among mammals (Bradbury 1977, McCracken and Wilkinson 2000) . The high diversity of bat social systems is even more striking if one considers that only a minority of species have been studied in enough detail to characterize their group structures and breeding systems Wilkinson 2000, Kunz and Lumsden 2003) . Even for those species for which data exist on the size and stability of groups as well as social and mating behavior (for examples, see Zubaid et al. [2006] ), our knowledge is often insufficient to fully explain the observed variation within and among species. Nevertheless, some general trends have begun to emerge. For example, tropical bats often form groups year-round, whereas sociality in temperate-zone species is sometimes restricted to certain times of the year (Bradbury 1977 , McCrack en and Wilkinson 2000 , Kunz and Lumsden 2003 . In most species, females form so-called maternity colonies to rear their young communally, whereas males are solitary, form groups of their own, or join female groups Wilkinson 2000, Safi and . In only a few species are both sexes solitary, meeting only to mate. (See box 1 for de finitions of the terms used to characterize bat sociality.) Understanding the evolution of different social systems in bats and exploring the consequences for their social and mating behavior remains a challenging task.
Overall, existing knowledge points to several factors that influence group formation in bats. Most bat species depend on refuges against weather or predators, and with few exceptions they cannot build their own roosts. Roost limitation could therefore promote sociality (Kunz 1982, Kunz and Lumsden 2003) . In addition to ecological constraints such as shortage of roosts, physiological demands-for example, improved thermoregulation from group living-provide opportunities for social evolution (Neuweiler 1993) . However, these drivers for aggregation cannot explain bat sociality in its diversity and complexity Wilkinson 2000, Safi and . Researchers have documented examples of striking cooperative behaviors and have observed surprisingly complex social systems, partially in the absence of close kinship (McCracken and Bradbury 1981 , Wilkinson 1984 , Kerth and Reckardt 2003 .
In several bat species, researchers are discovering patterns of cryptic colony and social structure in the form of fissionfusion systems (temporary splitting of colonies into several subgroups), previously known mostly from some primates, carnivores, and cetaceans (Kerth and König 1999 , O'Donnell 2000 , Vonhof et al. 2004 , Willis and Brigham 2004 , Rhodes et al. 2006 . Complex communication, group recognition, and even flexible context-related interactions among individuals all occur in bats (e.g., Wilkinson and Boughman 1998 , Kerth et al. 2002 , Zubaid et al. 2006 . Moreover, we have only begun to understand how the complex social organization of females influences the behavior of males and shapes the various mating systems reported for bats (e.g., McCracken and Wilkinson 2000 , Storz et al. 2001 , Voigt et al. 2001 , Ortega et al. 2003 , Rossiter et al. 2005 , Chaverri et al. 2007a , Dechmann et al. 2007 , Nagy et al. 2007 .
Below, I review the current knowledge of the causes and consequences of bat sociality and identify research areas where field studies on bats are likely to provide novel insights into animal sociality. Those areas include key topics in behavioral ecology and evolutionary biology, among them dispersal, fission-fusion behavior, group decisions, and cooperation. I focus mainly on recent field studies and on globally distributed microbats. I hope to stimulate further field research on bats, which I believe will yield fascinating and novel insights into the complexity of animal social systems.
Causes of bat sociality
To explain why most bats are social, we need to focus on the factors that promote sociality in animals and to identify traits that predispose bats to sociality. I focus on three factors that are most likely to predispose bats to social life: (1) ecological constraints (roost limitation), (2) physiological demands (social thermoregulation), and (3) demographic traits (longevity). Further causes that select for sociality, such as predator avoidance and benefits from cooperation, also apply to bats (for examples, see Zubaid et al. [2006] ); however, these causes probably apply to a similar extent to other 
Colony
This term has been used to characterize all kinds of roosting associations of bats, which may or may not maintain body contact with each other in the communal roost. Most commonly the term colony is used for females breeding communally in "maternity" colonies. Depending on the degree and quality of the social interactions among individuals, bat colonies are either aggregations or societies. If colonies show spatial, genetic, or social structuring, they consist of several groups, for example, several harems as in many tropical species.
Group
Members of the same group interact more with one another than with the members of other groups. Examples include colony members that spend more time with one another than with other individuals in the same colony. In such a situation the terms "group" and "subgroup" are often used as synonyms. Bats that forage together have also been called groups. small mammals. Therefore they cannot explain the high frequency of sociality in bats, except perhaps in megabats, which often roost in foliage (Kunz and Lumsden 2003) and thus may be more prone to predation than microbats.
Society
Ecological constraints. Most bats, and microbats in particular, depend on day roosts that protect them from weather and predators. With the exception of some tent-making and other roost-making species (figure 1), bats cannot build roosts themselves (Kunz 1982, Kunz and Lumsden 2003) . Thus, roost availability should affect the social structure of bats (Chaverri et al. 2007a caves (Russell et al. 2005 ), a type of roost with limited distribution. Roost limitation cannot explain all aspects of bat sociality. For example, sociality is also common in species that use roosts that are not severely limited (e.g., tree stems, foliage, rock crevices). In particular, many of the highly social megabats roost in foliage, and even species that can construct their own roosts live in groups (e.g., tent-making bats; figure 1; Kunz and Lumsden 2003) . In some species, groups of bats switch their roosts almost daily and use up to 100 different roosts within one year, which suggests that suitable roosts are often not severely limited (Lewis 1996 , Kerth and König 1999 , O'Donnell 2000 , Willis and Brigham 2004 , Chaverri et al. 2007a . Moreover, species that use the same roost type can differ in their social organization. Bechstein's bats (Myotis bechsteinii; figure 2c ) and Daubenton's bats (Myotis daubentonii), for example, both regularly roost in tree cavities. However, whereas adult male Bechstein's bats are solitary (Kerth and Morf 2004) , male Daubenton's bats often join existing maternity colonies or form colonies of their own (Senior et al. 2005) . Finally, differences in the social organization of males and females do not seem to be correlated with the sex-specific use of a certain roost type. In European and North American bats, males are usually solitary and females are usually social during the summer; nevertheless, both sexes often use the same type of roost. For example, in Bechstein's bats, both solitary males and social females roost in tree cavities under natural conditions (Kerth and Morf 2004) . This suggests that ecological constraints may have acted as a promoter of sociality, but these constraints are not sufficient to explain the current frequency and diversity of group living in bats.
Physiological demands. Being small mammals, bats profit energetically from social thermoregulation (mutual warming) in a group. Physiological demands that result from small body size have been used to explain the high frequency of sociality in bats, particularly in females that raise their offspring in a cool climate (Neuweiler 1993) . Indeed, females of almost all temperate-zone species form maternity colonies to breed communally. Exceptions are found in the North American members of the genus Lasiurus, whose breeding females roost solitarily in the foliage of trees (Kunz and Lumdsen 2003) , a roost type that provides little or no insulation against the ambient temperature.
Despite their indisputable importance, physiological demands alone are unlikely to explain the high frequency of sociality in bats. First, the vast majority of the tropical species are social, although they usually roost in warm places where mutual warming is not very important. For example, the round-eared bat Lophostoma silvicolum roosts in active termite nests, which provide warm and stable temperatures, yet the females form groups of up to 20 individuals (figure 2b; Dechmann et al. 2004 ). Second, a number of species, such as many members of the family Emballonuridae, do not benefit from mutual warming because group members maintain no body contact in their communal roosts (figure 2d; Bradbury and Vehrencamp 1976, Voigt et al. 2001) . Physiological demands probably contributed to the evolution of sociality in bats, but they cannot explain the high number of social species that roost in warm places or that do not maintain body contact while roosting together as a colony.
Demographic predispositions. Extraordinary longevity is one of the most striking features of bats, a trait that separates them from other similar-sized mammals. Many bat species have mean life spans that exceed 5 or even 10 years, and small-sized species (≤ 10 g) are known to reach an age of 30 years or more in the wild (Barclay and Harder 2003) . In combination with natal philopatry, longevity leads to overlapping generations that share the same roosts, and thus to the formation of multigenerational social groups.
Female philopatry is the prevailing pattern in mammals, and, with some exceptions (McCracken and Bradbury 1981 , Storz et al. 2001 , Dechmann et al. 2007 , Nagy et al. 2007 ), bats also exhibit this trait (Burland and Wilmer 2001) . Thus, in the evolution of bat sociality, longevity combined with philo patry paved the way for stable groups that include related individuals. Stable group structure is known to facilitate the evolution of cooperation, which is an important benefit of sociality (Emlen 1994) . Female bats nurse their young until they reach almost the size of the mother, which, in microbats, usually requires three weeks to two months (Barclay and Harder 2003) . Owing to an energy-demanding and time-consuming lactation period (Kunz and Hood 2000) , communal breeding among bats becomes beneficial because it facilitates mutual warming (Willis and Brigham 2007) , cooperation Bradbury 1981, Wilkinson 1984) , and safety from predators (Fenton et al. 1994) . Benefits from communal breeding can explain why sociality is more common in females than in males, which normally provide no paternal care. However, these benefits fail to explain the evolution of separate male colonies in some species .
Consequences of sociality
Group living has implications for many other behavioral traits, including dispersal strategies, social behavior, and mating systems. I focus mainly on dispersal strategies and social behavior, as mating systems have been reviewed previously (McCracken and Wilkinson 2000) . My goal is to highlight puzzling aspects of bat behavior and to pinpoint questions for further research.
Dispersal strategies. Most bat species for which data are available show sex-specific dispersal. In European and North American bats, it is typically the males that disperse and the females that stay in the natal colony (Burland and Wilmer 2001) . However, in some temperate-zone species, males too are philopatric. The degree of male philopatry can vary between populations. For example, in brown long-eared bats (Plecotus auritus), males and females are philopatric at the northern border of their range in Scotland, whereas almost all males disperse in Central Europe (Entwistle et al. 2000) .
In tropical species, dispersal strategies vary strongly among species, and researchers have found dispersal of both sexes as well as sex-specific dispersal of males and females (McCracken and Bradbury 1981 , Wilkinson 1985 , Storz et al. 2001 , Ortega et al. 2003 , Dechmann et al. 2007 , Nagy et al. 2007 ). The high degree of female philopatry in temperate-zone species (Burland and Wilmer 2001) is surprising if one considers that bats can fly and thus potentially have excellent dispersal abilities. Thus far, we do not know why the females of some species rarely or never switch maternity colonies, even if the colonies are very close to one another (Kerth et al. 2002) . Possible causes for this strict colony fidelity include the benefits of communal breeding in a familiar social environment and the avoidance of parasite transmission between colonies (Kerth et al. 2002) .
Another puzzling question is why, in many temperatezone species, the males disperse from their natal area and settle at places where they do not mate. Avoidance of local resource competition with females may be an explanation for male dispersal in some species, such as the little brown bat (Myotis lucifugus), the Daubenton's bat, and the particolored bat (Vespertilio murinus), whose males, after their dispersal, select habitats separate from the females (Barclay 1991 , Senior et al. 2005 ). However, in other species, such as the Bechstein's bat, dispersing males often settle close to foreign female colonies, and the sexes forage in the same type of habitat (Kerth and Morf 2004) . The latter form of male dispersal cannot easily be explained by local resource competition between males and females. It is also difficult to explain this kind of male dispersal in terms of local mate competition or inbreeding avoidance, because most matings occur at swarming sites, such as caves and mines, some distance from the summer habitat (Kerth et al. 2003a, Kerth and Morf 2004) . One possibility is that male dispersal is caused by avoidance of kin competition (Hamilton and May 1977) , a hypothesis that remains to be tested.
Finally, it is largely unknown how new bat colonies are founded, despite more than 50 years of research. It seems likely that in species that breed communally and show a high degree of female philopatry, new colonies are founded by budding off from existing colonies, as has been observed in other social mammals (Widdig et al. 2006) . In species that exhibit frequent roost switching in combination with fission-fusion behavior, budding off from existing colonies may be a gradual process of increased periods of fission that starts when the original colonies become too large. Because colony foundation is a rare and elusive event, direct observations are almost impossible to obtain. Genetic tools can help to indirectly infer how new colonies are founded and what ecological factors may affect this process (Kerth and Petit 2005) . To date, however, we are still far from being able to understand colony foundation in bats-a lack of knowledge that is highly unfortunate, as information on how colonies are founded is crucial to fully understanding bat social systems. Moreover, information on colony foundation is a crucial prerequisite for the conservation of bats (Kerth and Petit 2005) . For example, this information is required to assess the probability of recolonization in areas where colonies have gone extinct.
Social behavior. Complex social interactions, including a variety of cooperative behaviors, have been reported in bats (table  1) . The most striking form of cooperation is the reciprocal regurgitation of blood in the vampire bat (Desmodus rotundus) ( figure 3b; Wilkinson 1984) . Currently, there is no evidence for food sharing among other bat species. However, this kind of cooperation could occur, for example, in carnivorous species that feed on prey that is difficult to find but large enough to be shared with colony mates. Another form of cooperation, the grooming of conspecifics, has been reported for a handful of species (Wilkinson 1986 , Kerth et al. 2003b , Ortega and Maldonado 2006 , while others show no such social interactions among colony members (e.g., Fleming et al. 1998) . Allogrooming probably serves hygienic and social purposes and may facilitate the recognition of colony mates (Wilkinson 1986 , Kerth et al. 2003b .
In several species, colony members transfer information about food Bradbury 1981, Wilkinson 1992a) . The benefits of this kind of cooperation depend on a species' foraging strategy. Information transfer about food occurs mostly in bat species that forage on ephemeral and unpredictable food resources, such as aerial insect swarms or irregularly appearing fruits (McCracken and Bradbury 1981 , Wilkinson 1992a . In contrast, in the species whose colony members are faithful to individual foraging areas, information transfer about food seems to be restricted to mother-daughter pairs (Kerth et al. 2001 , Rossiter et al. 2002 . Finally, information transfer about roost sites occurs in species that switch their day roosts regularly (Kerth and Reckardt 2003) . It has also been suggested that information transfer about hibernacula is one reason (apart from mating) why bats swarm at caves in fall (e.g., Fenton 1969) . From an evolutionary perspective, however, it is difficult to explain why bats should invest in information transfer in such a situation, unless mutual thermoregulatory benefits accrue from forming large clusters during hibernation. Often bats from many different colonies assemble at the same cave, and as a consequence the resultant bat swarms are transient, have a flexible composition, and comprise mostly unrelated bats (Kerth et al. 2003a ). How bats from separated colonies find swarming sites that are often located dozens of kilometers away from the maternity colonies remains one of the puzzles of bat biology.
Several cooperative behaviors in bats are linked to communal breeding. Mutual warming and babysitting of pups have thus far been documented in only a few species, such as Antrozous pallidus (figure 3a; Wilkinson 1988 , Lewis 1996 , Zubaid et al. 2006 , Willis and Brigham 2007 . Nevertheless, mutual warming and babysitting may be common among temperate-zone bats, given the energetic needs of the pregnant females and naked neonates. It remains to be studied whether babysitting and mutual warming incur costs for the involved animals and whether nonreproductive individuals, which are often present in the colonies, participate in them. If both were the case, it would be the first evidence for helper systems in free-ranging bats. An interesting observation comes from a study of captive Rodrigues fruit bats (Pteropus rodricensis), in which a nonreproductive female seemed to assist a mother during parturition (Kunz et al. 1994) . Finally, communal nursing has been observed. In most species, allonursing is restricted to milk stealing by the pups. However, in the evening bat (Nycticeius humeralis; figure 3c), mothers actively nurse unrelated female pups (Wilkinson 1992b) . Allonursing of nondescendant females has been explained as conferring benefits that result from an increase in colony size, such as more opportunities for information transfer, due to a higher survival of female pups that are philopatric to their natal colony (Wilkinson 1992b) .
Only a few antagonistic interactions among colony members have been reported. Female sac-winged bats (Saccopteryx bilineata; figure 2d) defend small territories within the harem they live in (Nagy et al. 2007 ). Aggression among female harem members also occurs in Jamaican fruit-eating bats (Artibeus jamaicensis; Ortega and Maldonado 2006) . Female Bechstein's bats exhibit little or no aggression within their own colony but attack members of foreign colonies in confrontation tests (Kerth et al. 2002) . In some Neotropical species, such as Rhynchonycteris naso and Phyllostomus hastatus (figure 2b), there is evidence that colony members defend communal foraging grounds against intruders from foreign colonies (Bradbury and Vehrencamp 1976, Wilkinson and Boughman 1998) . Conflicts among female colony members have been documented surprisingly rarely, in comparison with conflicts among other social animals. In addition, there is little evidence for dominance hierarchies among female bats (Kerth et al. 2003b, Ortega and Maldonado 2006) . Again, this is surprising, since female dominance hierarchies are common in other mammals, such as primates and carnivores (Alcock 2005) . On the other hand, in several tropical bat species, males fight for dominance over one other to secure access to females, either directly by defending groups of females or indirectly by monopolizing resources. For example, dominant males in A. jamaicensis and S. bilineata attack male intruders and obtain more paternities within their own harem than do subordinate males, which are some- Note: Different affiliate behaviors have been observed. Under "Social organization," the type of the groups, and, if known, the relatedness among individuals within groups are listed.
times tolerated in the harem, or satellite males, which form separate groups (Ortega et al. 2003 , Nagy et al. 2007 ).
Implications for animal sociality in general
Behavioral ecologists have recently become very interested in the causes and consequences of fission-fusion behavior in social animals. Fission-fusion behavior is the temporary splitting and reformation of animal groups. It is widespread among mammals but, to date, has been studied mostly in primates (Aureli et al. 2008 ). An exciting question is whether fission-fusion behavior requires special communication, decision making, and cognitive skills (Aureli et al. 2008 ). This question can be answered only with comparative studies that involve nonprimate mammals. Fission-fusion behavior occurs in microbats and megabats, and is particularly common in forest-living species that regularly switch their communal roosts (e.g., Kerth and König 1999 , O'Donnell 2000 , Storz et al. 2001 , Willis and Brigham 2004 . Thus far, only a handful of field studies have used classical association indices or modern network analysis to quantify the individual roosting associations in bat species with fission-fusion behavior (Kerth and König 1999 , O'Donnell 2000 , Vonhof et al. 2004 , Willis and Brigham 2004 , Rhodes et al. 2006 , Chaverri et al. 2007b . Each of these studies has reported nonrandom individual roosting associations, even though the composition of groups was often quite flexible. In Bechstein's bats, for which genetic data are available, there is evidence that reproductive status and, to a lesser extent, relatedness explain which individuals roost together (Kerth and König 1999) . The widespread occurrence of fission-fusion behavior in bats suggests that the behavior has evolved independently several times, and thus makes bats highly interesting for studies on fission-fusion behavior. For example, bat studies allow for new comparative analyses that study the relationship between fission-fusion behavior and neocortex size (as a measure of cognitive ability). Brain morphology in bats has been found to respond to varied selection pressures (Safi et al. 2005) . Consequently, if fission-fusion behavior requires special cognitive skills, those species with and those without that behavior should differ in their brain morphology.
Group decisionmaking. Group living often requires individuals to coordinate their activities. Since group decisions facilitate coordination in situations in which individuals can choose between alternatives, these decisions are important in all social animals, including bats. For example, group-living animals often must communally decide when and where to move, where or what to eat, and where to live (Conradt and Roper 2005) . Group decisionmaking may also be necessary to coordinate the reproduction of group members in situations in which individuals benefit from synchronized breeding, either because synchronization reduces predation or because it offers energetic benefits through mutual warming. Each of these situations that require group decisionmaking occurs in bats. This makes them excellent models for studies investigating the question of how group decisions are made.
Despite a growing interest in animal group decision making (Conradt and Roper 2005) , there are still few field studies that investigate how long-lived animals that live in heterogeneous groups make group decisions. Detailed field studies that use experiments to manipulate the group decisionmaking of individually marked bats could significantly contribute to this research field. For example, in species in which colonies frequently switch communal roosts, colony members must make group decisions about communal roosts every day (Kerth et al. 2006) . To understand decisionmaking in bat colonies, researchers need to determine how many colony members are involved in the decisions, what factors affect the way in which they are made, and what decisionmaking processes (mechanisms) are optimal under different circumstances (Conradt and Roper 2005, Kerth et al. 2006) . Bats also provide unique opportunities to compare group decision making in animal societies with and without fission-fusion behavior. Addressing these questions in the field is a challenging but feasible task (Kerth et al. 2006) . Currently, the majority of studies on group decisionmaking come from laboratory and computer models, and deal with only a limited number of taxa, in particular insects and fish (Conradt and Roper 2005) . Consequently, I expect experimental field studies on group decisionmaking in bats to be both challenging and highly rewarding.
Influence of kinship on cooperation. The importance of kinship for cooperation is a key topic in behavioral ecology. After Hamilton's (1964) seminal paper, kin selection became the leading explanation for the evolution of cooperation. Recently, however, the significance of kinship for cooperation has been challenged (e.g., Clutton-Brock 2002). Because of their diverse social structures, bats can provide evidence for resolving this debate. The genetic structure of colonies is often very heterogeneous and varies between and sometimes within species (e.g., Wilkinson 1985 , Storz et al. 2001 , Kerth et al. 2002 , Ortega et al. 2003 , Rossiter et al. 2005 , Russell et al. 2005 , Dechmann et al. 2007 . Those species that show evi dence of cooperation among group members (see table 1 for examples) would therefore seem to be ideal candidates to test the influence of kin selection on the evolution of co operation (compare Wilkinson 1988 ).
Wilkinson's study (1984) on reciprocal feeding in vampire bats is still one of the best examples of reciprocal altruism in animals and hence of the cooperation that also occurs in the absence of close kinship. Another example of cooperation among largely unrelated individuals comes from greater spear-nosed bats (P. hastatus). In this species, females forage in a group, transfer information about feeding sites, and defend those sites against foreign groups Bradbury 1981, Wilkinson and Boughman 1998) . Similarly, in Bechstein's bats there is evidence for cooperation that is not preferentially directed toward close kin, as well as for cooperation that occurs more often among related individuals. For example, information transfer about communal roosts is independent of the relatedness among the participants (Kerth and Reckardt 2003) . By contrast, allogrooming occurs more often between mother-daughter pairs than between unrelated colony members (Kerth et al. 2003b) . With the initiation of more long-term field studies on bats that measure the costs and benefits of cooperative behaviors and include genetic analyses of individual relatedness, I expect new insights into the relative importance of kinship for cooperative behavior in bats and, as a consequence, in all social animals.
Conclusions
None of the three factors that I identify as important for the evolution of sociality in bats (ecological constraints, physiological demands, and demographic traits) can fully explain the frequency and diversity of group living in bats. To understand the causes and consequences of sociality in bats, it will be important to know how these factors interact with one another and with other known benefits of sociality, such as cooperation and predator or parasite avoidance (figure 4). Comparative studies that control for phylogeny (e.g., are needed to identify the relative significance of the important factors. However, studies of this kind require a large number of detailed field studies that provide relevant data. With the exception of a handful of well-studied species (table 1; Zubaid et al. 2006), we still lack detailed information on the organization of groups and on the social behavior of free-ranging bats.
From my overview of the causes and consequences of sociality in bats, I hope it has become clear that these animals provide behavioral ecologists with exceptional opportunities for field studies that deal with conceptual and challenging research questions. Bats can be used to investigate the dynamics of fission-fusion behavior and group decisionmaking, the impact of kinship on cooperation, and alternative explanations for sex-biased dispersal. Clearly, this list is far from exhaustive. Further research topics that can be addressed by studying bats include the influence of parasites on the social behavior and population structure of hosts, and the importance of cognitive abilities for social behaviors such as fissionfusion, information transfer, social learning, and group decisionmaking. Last but not least, studies on the causes and consequences of bat sociality can help us to protect these fascinating mammals, of which a substantial proportion is currently endangered. 
